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© A iight emitting device. 



© A light emitting device has an active layer (1) for 
generating light of a given wavelength (Xi) in re- 
sponse to an external stimulus, and first and second 
cladding layers (2 and 3) bounding the active layer 
(1) for defining the active layer (1) as a waveguide 
^for guiding light of the given wavelength (\\) along 
^the active layer (1) to be emitted at an end face (1a) 
^of the active layer. The active layer (1) and/or at 
O least one of the cladding layers (3) is formed of an 
CO optically non-linear medium for causing light at half 
^ the given wavelength to be generated with light of 
CO th © given wavelength, at least one cladding layer (3) 
CO having a periodic grating structure (4) having a pe- 
©riod 

ffj A = m ^ 2 (where X 2 is half the given 
wavelength, m is the order of diffraction and n is the 
refractive index of the said one cladding layer) for 



phase-matching with light of half the given 
wavelength and being formed so as to be substan- 
tially transparent to light of half the given wavelength 
so as to enable light of half the given wavelength to 
emerge via the periodic grating (4) normally of the 
active layer (1). 

Fig J. 
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A LIGHT EMITTING DEVICE 



This invention relates to a light emitting device 
comprising an active layer for generating light for a 
given wavelength in response to an external stimu- 
lus, and first and second cladding layers bounding 
the active layer for defining the active layer as a 
waveguide for guiding light of the given wavelength 
along the active layer to be emitted at an end face 
of the active layer, the active layer and/or at least 
one cladding layer comprising an optically non- 
linear medium for causing light at half the given 
wavelength to be generated with light of the given 
wavelength. 

Such a device is described in a paper entitled 
"second harmonic generation in an AIGaAs Double- 
Heterostructure Laser" by Nagaatsu Ogasawara et 
al published in the Japanese Journal of Applied 
Physics Vol. 26 No. 8 August, 1987 at pages 1386 
to 1387. 

It is an aim of the present invention to provide 
a light-emitting device which enables frequency- 
doubled light, that is light of half the given 
wavelength, to be emitted from the device as a well 
directed beam emerging normally of the active 
layer. 

According to the present invention, there is 
provided a light emitting device comprising an ac- 
tive layer for generating light of a given wavelength 
in response to an external stimulus, and first and 
second cladding layers bounding the active layer 
for defining the active layer as a waveguide for 
guiding light of the given wavelength along the 
active layer to be emitted at an end face of the 
active layer, the active layer and/or at least one 
cladding layer comprising an opticaily non-linear 
medium for causing light at half the given 
wavelength to be generated with light of the given 
wavelength, characterised in that the said at least 
one cladding layer has a periodic grating structure 
having a period 

A = inAi (where X 2 is half the given 
wavelength, m is the order of diffraction and n is 
the refractive index of the said one cladding layer) 
for phase-matching with light of half the given 
wavelength and is formed so as to be substantially 
transparent to light of half the given wavelength so 
as to enable light of half the given wavelength to 
emerge via the periodic grating normally of the 
active layer. 

It should be understood that, as used herein, 
the term light means electromagnetic radiation of a 
wavelength lying within the range of the spectrum 
extending from the near infrared to the near ul- 
traviolet. 

The present invention thus provides a light 



emitting device which comprises an active layer for 
generating light of a given wavelength and which 
provides the means for extracting light of half the 
given wavelength from the device normally of the 
5 active layer. The extraction of light of half the given 
wavelength is achieved by exploiting a non-linear 
optical medium in either or both the active region 
and a cladding region and by providing a built-in 
periodic structure phase matched for the light of 
70 half the given wavelength. 

Thus, a device embodying the invention en- 
ables frequency-doubled light, that is light of half 
the given wavelength, to be coupled out of the 
device to provide a well directed beam emerging 
is normally of the active layer. In addition light of the 
given wavelength may also be emitted but from an 
end face of the active layer so that two approxi- 
mately perpendicular beams can be provided, one 
being of twice the frequency of the other. 
2 o In a preferred embodiment, the said one clad- 

ding layer has a free surface defining alternate 
crests and troughs and the said one cladding layer 
is sufficiently thin at the troughs to be substantially 
transparent to light of half the given wavelength. In 
25 this case, the two cladding layers may be formed 
of the same material. 

The active layer and the other of the cladding 
layer may be formed of lll-V semiconductor ma- 
terial. The active layer may simply form a double 
30 heterostructure with the cladding layers or may be 
more complex. Thus, for example, the active layer 
could comprise one or more quantum well or 
superlattice active regions and may have a sepa- 
rate confinement region. Alternately, the said one 
as cladding layer may be formed of a material, for 
example zinc sulphide, transparent to the 
frequency-doubled light. Where the said one clad- 
ding layer is formed of a material transparent to the 
frequency-doubled light, then the periodic grating 
40 may be provided on the free surface of the said 
one cladding layer or at the interface with the 
active layer. 

The structure of a device embodying the inven- 
tion has the advantage of enabling the frequency- 
45 doubled light which would otherwise be strongly 
absorbed by the lll-V semiconductor material to be 
emitted from the device. 

Embodiments of the invention will now be de- 
scribed, by way of example, with reference to the 
so accompanying drawings, in which: 

Figure 1 is a schematic cross-sectional view 
illustrating the basic structure of a light-emitting 
device in accordance with the invention; 

Figure 2 shows an Ewald sphere construc- 
tion illustrating the principle underlying the inven- 
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tion; 

Figure 3 shows a further Ewald sphere con- 
struction illustrating the application of higher order 
diffraction conditions; 

Figure 4 is a schematic perspective view of 
a first embodiment of a light emitting device in 
accordance with the invention; 

Figure 5 is a schematic cross-sectional view 
of a second embodiment of a light emitting device 
in accordance with the invention; 

Figure 6 is a schematic cross-sectional view 
of a third embodiment of a light emitting device in 
accordance with the invention; and 

Figure 7 is a schematic cross-sectional view 
of a fourth embodiment of a light emitting device in 
accordance with the invention. 

It should be understood that the Figures are 
merely schematic and are not drawn to scale. In 
particular certain dimensions such as the thickness 
of layers or regions may have been exaggerated 
whilst other dimensions may have been reduced. It 
should also be understood that the same reference 
numerals are used throughout the Figures to in- 
dicate the same or similar parts. 

Referring now to the drawings, a light emitting 
device comprises an active layer 1 for generating 
light of a given wavelength Xi in response to an 
external stimulus, and first and second cladding 
layers 2 and 3 bounding the active layer 1 for 
defining the active layer as a waveguide for guiding 
light of the given wavelength Xt along the active 
layer 1 to be emitted at an end face 1a of the 
active layer 1. In accordance with the invention the 
active layer 1 and/or at least one cladding layer 3 
comprises an optically non-linear medium for caus- 
ing light at half the given wavelength (that is light of 
wavelength X 2 = r- to be generated with light of 
the given wavelength X Jt the said at least one 
cladding layer 3 having a periodic grating structure 
4 having a period 

A » m n 2 (where X 2 is half the given 
wavelength, m is the order of diffraction and n is 
the refractive index of the said one cladding layer) 
for phase-matching with light of wavelength X 2 and 
is formed so as to be substantially transparent to 
light of half the given wavelength to enable light of 
wavelength X 2 to emerge via the periodic grating 4 
normally of the active layer 1 . 

Referring now specifically to Figure 1 , there is 
shown a schematic cross-sectional view of a light 
emitting device in accordance with the invention, in 
particular a laser diode. 

As shown in Figure 1, the device comprises a 
monocrystalline gallium arsenide substrate 10 high- 
ly doped with n + conductivity type impurities, for 
example silicon, onto which the cladding layers 2 
and 3 and active layer 1 are formed using a con- 



ventinal epitaxial growth technique such as molecu- 
lar beam epitaxy (MBE), metal organic vapor phase 
epitaxy, (MOVPE) or a metal organic MBE 
(MOMBE). As is conventional in the art, as in- 
5 dicated by the dotted line in Figure 1, a buffer 
epitaxial layer 10a of highly n conductivity type 
gallium arsenide may be grown on the substrate 10 
prior to growth of the cladding layers 2 and 3 and 
the intervening active layer 1 . 

io In this example, the first cladding layer 2 is 

formed as an n conductivity type layer of an alu- 
minium gallium arsenide Al x Gai. x As alloy with, typi- 
cally, x = 0.3 and with, typically, a dopant con- 
centration of 5 x 10 18 atoms cm -3 . After formation 

75 of the first cladding layer 2. the active layer 1 is 
formed. In this example, the active layer 1 is 
formed as a not-intentionally doped layer of gallium 
arsenide. After formation of the active layer 1, the 
second cladding layer 3 is formed, in this example, 

20 as a layer of p conductivity type aluminium gallium 
arsenside of the same composition as the first 
cladding layer 2. 

The structure thus described forms a double 
heterostructure. The active layer 1 may have a 

25 thickness in the range of from about 200 to about 
400 nm (namometres) whilst the cladding layers 2 
and 3 may be 1 .Smicrometres thick. 

As an alternative to forming the active layer 1 
as a simple gallium arsenide layer, the active re- 

30 gion 1 may be formed as a quantum well region 
with one or more gallium arsenide quantum well 
active regions separated by, for example, alumin- 
ium gallium arsenide alloy barrier layers or 
AlAs/GaAs superlattice barrier layers to provide a 

35 separate confinement quantum well type laser 
structure. The structure of the active layer 1 is not 
important to the present invention and any suitable 
conventional structure may be adopted. 

After formation of the second cladding layer 3, 

40 the periodic grating 4 is formed by an appropriate 
conventional technique, for example by electron 
beam lithography or optical holography and etch- 
ing. As mentioned above, the periodic grating 4 is 
formed so as to have a period of 

45 mX 

A = -?j — - and is so deeply etched that either 

the cladding layer material is completely removed 

in the troughs 4a between the peaks 4b of the 

grating 4 or so that the remaining thickness of the 

so second cladding layer 3 beneath the grating 
troughs 4a is sufficiently small so as not to cause 
any appreciable absorption of frequency doubled 
light, that is light of wavelength x 2 = ^ so that the 
second cladding layer 3 is substantially transparent 

55 to light of half the given wavelength in so far as it 
enables light to wavelength X 2 to be emitted nor- 
mally of the active layer 1 via the second cladding 
layer 3. Typically, the thickness of the second 
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cladding layer 3 remaining beneath the troughs 4a 
may lie in the range of from about 10 to about 20 
nanometres. 

After growth of the cladding layers 2 and 3 and 
active layer 1 and definition of the grating, the 
structure is cleaved, as is known in the art, so as to 
define a number of laser diode structures of which 
only one is shown in Figure 1. The cleaved end 
faces 1a and 1b form the mirrored end faces of the 
laser cavity defined by the active layer 1. Although 
not necessary, the cleaved end faces 1a and 1b 
may be further treated, for example coated with 
multiple film dielectric layers, to improve reflection 
properties. 

As will be described in greater detail below, the 
laser diode shown in Figure 1 may be an elec- 
trically pumped laser diode in which case, as wiil 
be discussed below, electrical contacts (not shown 
in Figure 1) have to be provided on the cladding 
layers 2 and 3 to enable a voltage to be applied 
across the device to provide the external stimula- 
tion necessary for laser generation. Alternatively, 
the laser diode may be optically pumped although 
this is more unusual for semiconductor lasers. 
Where optical pumping is to be used, then the first 
and second cladding layers 2 and 3 need not 
necessarily be of opposite conductivity types. 

The principles underlying the invention will now 
be discussed with reference to Figure 2 which 
shows an Ewaid or reflecting sphere construction 
for the grating 4. 

In the periodic grating 4 of period A the fre- 
quency doubled light of wavelength X 2 is diffracted 
as shown in Figure 2, such that one set of beams 
is parallel to the surface and one set is normal to 
the surface. The wave vectors of the beams inside 
the grating 4 are given by 

'<K> = 2 \2 where n is the effective refractive 
index of the medium or material forming the peri- 
odic grating 4 and the wavevector outside, that is in 
air, is :k c : = ^ • The grating period a gives a 
grating wavevector of ;g; = ^ . The lines AA' Bb' 
in Figure 2 represent the reciprocal lattice of the 
grating and these have a "width" which is the 
inverse of the lateral dimension of the grating struc- 
ture, i.e. width = gs , where L is the total length of 
the periodic grating 4. 

Hence the angular divergence of the beam of 
frequency-doubled light emitted from the grating 4 
will be 

LK o " r * 

In order to achieve the above-described diffrac- 
tion conditions then (g) = ikj! S o that 

*=- ^ or A = £i 



In the example being described where Xi = 
0.8um and where the material of the second clad- 
ding layer 3 is an aluminium gallium arsenide alloy 
having the composition AI 0 . 6 Ga 0 .4As so that the 

5 effective refractive index of the second cladding 
layer 3 is 4.6, then the period a of the grating 
should be 0.087 micrometres. Although gratings of 
such small dimensions can be manufactured using 
current electron beam lithography techniques, as 

10 illustrated in Figure 3, manufacturing difficulties 
may be alleviated by designing the grating 4 for a 
high order diffraction condition so that 



g - and A « ^A2L 
m n * 



where m is the diffraction order. In this case, then 
2Q for the second order diffraction condition the grat- 
ing period A, for the same values of refractive 
index n and alloy composition given above, should 
be 0.174um and for the third order diffraction con- 
dition A ■ 0.261 urn. 
25 As described above, the laser diode may be 

electrically or optically pumped. Figure 4 is a sche- 
matic perspective view of a laser diode structure 
adapted for electrical pumping or stimulation of 
laser light generation. 
3Q The laser diode structure shown in Figure 4 is 

fabricated in the same manner as the structure 
shown in Figure 1 and described above with the 
exception that prior to defining the periodic grating 
4, an electrically conductive contact or electrode 
35 layer 8 is deposited onto the surface 3a of the 
second cladding layer 3. The electrically conduc- 
tive contact layer 8 may be formed of any suitable 
electrically conductive material but is preferably 
formed of a metal or metal alloy having, at the 
4Q frequency 2*> of the frequency doubled light, a real 
component dielectric constant Ei equal to but of 
opposite sign to the material of the second clad- 
ding layer 3. This criterion wiil ensure that radiative 
interface plasmon modes will exist between the 
45 metal and semiconductor and the metal will be an 
effective "antenna" for emission. Where the sec- 
ond cladding layer 3 is formed as described above 
of an aluminium gallium arsenide alloy of composi- 
tion AI 0 . 4 Gao. 6 As which has Ei=18 at 443nm alloys 
50 of aluminium and magnesium which have their 
composition adjusted to give Ei= -18 at 443 nrn 
will be suitable materials for the electrically con- 
ductive contact layer 8. 

A further electrically conductive contact layer 9 
55 is deposited onto the back face of the substrate 10 
as is conventional in the art to enable a voltage to 
be applied across the device to stimulate elec- 
trically generation of laser light as is conventional 
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for current injection semiconductor diode lasers. In 
operation, the device shown in Figure 4 will, as 
explained above with reference to Figure 1, gen- 
erate in the active region 1 light at the given 
wavelength X, related to the band gap Eg of the 5 
gallium arsenide active layer 1 which light will be 
guided by the waveguide defined by the cladding 
layers 2 and 3 along the active layer 1 to be 
emitted to an end face 1a of the laser device. In 
addition, because of the non-centro-symmetric na- 70 
ture of the lll-V semiconductor material forming the 
active layer 1 frequency-doubled light at 
wavelength X 2 will be generated and phase- 
matched by the periodic grating 4 to cause light of 
wavelength X 2 to be emitted normally of the active 75 
layer 1 via the periodic grating 4. 

Figure 5 is a cross-sectional view of a laser 
diode embodying the .invention which is optically, 
rather than electrically, pumped by means of a 
pump laser light beam of wavelength X p directed 20 
into the active layer t via the periodic grating 1. 
The wavelength X p of the pump beam is of course 
selected to cause the device to lase at the 
wavelength Xi and the pump beam may be pro- 
vided by a diode laser or any other similar suitable 25 
conventional device. The device shown in Figure 5 
differs from that shown in Figure 4 in that, of 
course, there is no necessity for electrical contacts. 
In addition, in this example, the periodic grating 
may be a two-dimensional grating 4. that is a 30 
grating which has the period A in a direction per- 
pendicular to the plane of Figure 5 in addition to 
that shown. The use of a two dimensional grating 
should assist in coupling more frequency-doubled 
light out of the device. 3S 

As an alternative to using the same material for 
the first and second cladding layers 2 and 3, a 
material which is transparent to the frequency-dou- 
bled light may be used for the second cladding 
layer 3 provided the material chosen still provides 40 
suitable confinement and waveguiding for light at 
the fundamental wavelength Xi of the laser device. 
Figure 6 is a cross-sectional view of an optically 
pumped laser diode in accordance with the inven- 
tion where the second cladding layer 3' is formed 45 
from such a material, for example p conductivity 
type (zinc sulphide or any suitable wide band gap 
Eg > 2.8ev (electron volts)) n conductivity for the 
materials and wavelengths given above. In this 
case, it is not necessary that the thickness of the so 
second cladding layer 3' beneath the troughs 4a of 
the grating be kept small and accordingly the grat- 
ing 4 may be formed merely at the surface 3a of 
the second cladding layer 3'. As an alternative, as 
shown in Figure 7, the grating 4 may be formed at 55 
the interface 11 between the active layer 1' and the 
second cladding layer 3". 

The light emitting device need not necessarily 
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be a laser diode but could merely be a light 
emitting diode in which case the cleaved end faces 
would not be needed. 

A device embodying the invention thus enables 
use to be made of the frequency-doubled light 
which is generated in non-centrosymmetric semi- 
conductor materials such as IJI-V semiconductor 
materials by avoiding the strong absorption of the 
frequency-doubled light which would otherwise oc- 
cur and also provides a phase-matching condition 
to ensure that the frequency-doubled light emerges 
as a well directed beam via the diffraction grating 4 
normally of the active layer 1 . 

From reading the present disclosure, other 
modifications will be apparent to persons skilled in 
the art. Such modifications may involve other fea- 
tures which are already known in the art and which 
may be used instead of or in addition to features 
already described herein. Although claims have 
been formulated in this application to particular 
combinations of features, it should be understood 
that the scope of the disclosure of the present 
invention also includes any novel feature or any 
novel combination of features disclosed herein ei- 
ther explicitly or implicitly, whether or not it relates 
to the same invention as presently claimed in any 
claim and whether or not it mitigates any or ail of 
the same technical problems as does the present 
invention. The applicants hereby. give notice that 
new claims may be formulated to such features 
and/or combination of such features during the 
prosecution of the present application or of any 
further application derived therefrom. 



Claims 

1. A light emitting device comprising an active 
layer for generating light of a given wavelength in 
response to an external stimulus, and first and 
second cladding layers bounding the active layer 
for defining the active layer as a waveguide for 
guiding light of the given wavelength along the 
active layer to be emitted at an end face of the 
active layer, the active layer and/or at least one 
cladding layer comprising an optically non-linear 
medium for causing light at half the given 
wavelength to be generated with light of- the given 
wavelength, characterised in that the said at least 
one cladding layer has a periodic grating structure 
having a period 

A = m^2 (where X2 is half the given 
wavelength, m is the order of diffraction and n is 
the refractive index of the said one cladding layer) 
for phase-matching with light of half the given 
wavelength and is formed so as to be substantially 
transparent to light of half the given wavelength so 



BNSOCCID: <EP. 



_0381602AZ_I_> 



EP 0 361 602 A2 10 



70 



as to enable light of half the given wavelength to 
emerge via the periodic grating normally of the 
active layer. 

2. A device according to Claim 1. further 
characterised in that the said one cladding layer 
has a free surface defining alternate crests and 
troughs and the said one cladding layer is suffi- 
ciently thin at the troughs to be substantially trans- 
parent to light of half the given wavelength. 

3. A device according to Claim 2, further 
characterised in that the two cladding layers are 
formed of the same material. 

4. A device according to Claim 1, further 
characterised in that the said one cladding layer is 
formed of a material transparent to light of half the 75 
given wavelength and the periodic grating is 
formed at the interface between the said one clad- 
ding layer and the active layer. 

5. A device according to Claim 1, 2, 3 or 4, 
further characterised in that the active layer and the 20 
other cladding layer comprise lll-V semiconductor 
material. 

6. A device according to Claim 4, further 
characterised in that the active layer and the other 
cladding layer comprise lll-V semiconductor ma- 25 
terial whilst the said one cladding layer comprises 

ll-Vl semiconductor material. 

7. A device according to Claim 6, further 
characterised in that the ll-VI semiconductor ma- 
terial comprises zinc sulphide. 30 

8. a device according to Claim 5, 6 or 7, further 
characterised in that the active layer comprises 
gallium arsenide and the other cladding layer com- 
prises aluminium gallium arsenide. 

9. A device according to any one of the pre- 35 
ceding claims, further characterised in that the first 

and second cladding layers are semiconductor lay- 
ers doped with impurities of opposite conductivity 
type and electrically conductive contacts are pro- 
vided on the first and second cladding layers for 40 
enabling a voltage to be applied across the device 
to provide the external stimulus. 

10. A device according to Claim 9, further 
characterised in that the electrically conductive 
contact provided on the said one cladding layer is 45 
such that, at half the given wavelength, the real 

part of the dielectric constant of the said one 
cladding layer is of equal magnitude but opposite 
sign to that of the said one cladding layer. 
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© A light emitting device has an active layer (1) for 
generating light of a given wavelength in re- 
sponse to an external stimulus, and first and second 
cladding layers (2 and 3) bounding the active layer 
(1) for defining the active layer (1) as a waveguide 
for guiding light of the given wavelength (Xi) along 
the active layer (1) to be emitted at an end face (la) 
of the active layer. The active layer (1) and/or at 
least one of the cladding layers (3) is formed of an 
optically non-linear medium for causing light at half 
the given wavelength to be generated with light of 
the given wavelength, at least one cladding layer (3) 
having a periodic grating structure (4) having a pe- 
riod 

n 

(where X 2 is half the given wavelength, m is the 
order of diffraction and n is the refractive index of 
the said one cladding layer) for phase-matching with 
light of half the given wavelength and being formed 
so as to be substantially transparent to light of half 
the given wavelength so as to enable light of half the 



given wavelength to emerge via the periodic grating 
(4) normally of the active layer (1). 

Figl 
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